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Abstract: The Earth is a tri-axial body, with unequal principal inertia moments, A, Band C. The correspond-
ing principal axes a , b and c are determined by the mass distribution of the Earth, and their orientations vary 
with the mass redistribution. In this study , the hydrologically induced variations are estimated on the hasis of 
satellite gravimetric data, including those from satellite laser ranging ( SLR) and gravity recovery and climate 
experiment (GRACE) , and hydrological models from global land data assimilation system ( GLDAS). The 
longitude variations of a and b are mainly related to the variations of the spherical harmonic coefficients C 22 
and S 22 , which have been estimated to be consisting anoual variations of about 1. 6 arc seconds and 1. 8 arc 
seconds , respectively, from gravity data. This result is confirmed by land surface water storage provided by the 
GLDAS model. If the atmospheric and oceanic signals are removed from the spherical harmonic coefficients 
C 21 and S 21 , the agreement of the orientation series for c becomes poor, possibly due to the inaccurate back-
gronnd models used in pre-processing of the satellite gravimetric data. Determination of the orientation varia-
tions may provide a better understanding of various phenomena in the study of the rotation of a tri-axial Earth. 
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1 Introduction 
Various studies have demonstrated that the Earth is a 
tri-axial body[I-IOJ. Let us denote the Earth's princi-
pal moments of inertia by A , B and C (A < B < C) for 
the corresponding principal axes of a, b and c['l , 
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where c is the fignre axis of the Earth and its orientation 
has been well studied [II] • If the Earth is a symmetric 
rotating body, then we have A =B. A symmetric rota-
ting body was assumed in modeling the nutation [!2] and 
polar motion [ 131 of the Earth, since the difference be-
tween A and B is sm.all[l, 121 • However, a more realistic 
tri-axial Earth should be used instead , for instance, in 
the explanation of the Earth's nutation['] and in precise 
observations of the Earth's rotation parameters[']. 
The orientations of the principal axes are related to 
mass distribution of the Earth[ 1' 2l. For example, Liu 
and Chao['l and Shen et al['l suggested that b pointed 
along the diameter through (75. 07°E, 104. 93°W) and 
pointed at (0. 000 076°N, 75.071 218°E), respective-
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ly. The orientation variations of the principal axes are 
related to the mass redistribution of the Earth1'· '· 11 • 141. 
For example, the orientation variation of c is related to 
the variations of the spherical harmonic coefficients C 21 
and S 21 , which are caused by mass redistribution of the 
Earth1111 • Mass distribution is related to the Earth' s 
gravity field while the orientations of the principal axes 
are only related to the second-degree ccefficients1' 1• In 
previous studies , the contribution of mass redistribution 
to the inertia moments[IS] and the orientation of c have 
been well studied111 " 161 • Shen et al1' 1 and Chen et al1171 
estimated the orientation variations of the principal ax-
es , but the data they used were not sufficiendy long and 
the discussion about the exciting mechanism was not 
comprehensive[ I?]. Studies of orientation variation of 
principal axes are significant for better understanding 
various phenomena of the rotation of a tri-axial Earth. 
In this study , orientation variations of the principal 
axes induced by land hydrology that are derived from 
satellite laser ranging ( SLR) and gravity recovery and 
climate experiment (GRACE) are compared with each 
other and then compared to the variation of the land 
hydrology model, the global land data assimilation sys-
tem ( GLDAS). In section 2, the method of formula-
ting the relationship between the second-degree coeffi-
cients and the orientations of the principal axes is re-
viewed. The satellite-gravimetric data and hydrological 
models used in this study are described in section 3 and 
the results are shown and discussed in section 4. In sec-
tion 5 , conclusions and discussion are provided. 
2 Method 
The seoond-degree coefficients of Earth's gravity are related 
to the inertia moments of the Earth1' 1• In the Earth-fixed sys-
tem, the Earth's inertia moment tensor can be written as 
[
y' + z' - xy 
1= J -xy x2+zz 
Earth fiXed 
-xz -yz 
where x , y and z are coordinates , dm is the mass ele-
In th . . al . £ fr [2 4 ' 17] ment. e pnnmp -axis re erence arne • • ' , 
the inertia moment tensor can be expressed as 
where x' , y' and z' are coordinates, and A , B and C 
are , respectively, the minimum, medium and maximum 
principal inertia moments. I aod I' are actually two dif-
ferent expressions of the same tensor in different refer-
ence frames. Transformation of coordinates from one ref-
erence frame to the other can be done as follows. 
The second-degree gravitational potential can be ex-
pressed as[ 2J 
V,(P) /ISGMa' TH 2 ,s r r /ISGMa' TH-2 ,s r r (3) 
where G is the gravitational constant, M is the mass of 
the Earth , and r and r are position vectors of point in 
the Earth-ftxed system and principal-axis reference 
frame, respectively. In the Earth-fixed system, the 
tensor can be written as [ZJ 
- c 20 
522 c21 c --
22 .(3 
H= 522 
- c 20 s 21 (4) -C --22 .(3 
c 21 s 21 2 c,. 
.(3 
where C 20 , C 21 , S 21 , C 22 and S 22 are normalized 
second -degree coefficients. In the principal-axis refer-
ence frame , the tensor 1i can be written as 
- A,. 
0 0 A --
22 .(3 
ii= 0 - A,. 0 -A --
22 .(3 (5) 
0 0 
A,. 2-
.(3 
32 Geodesy and Geodynamics Vol.4 
where A,. and A 22 are zonal and sectorial coeffi-
cients. The orientations of the principal axes in the 
Earth -fixed system can be obtained by diagonalization 
of H as it is done in Marchenko and Schwintzer['l , 
where details on estimating the orientations of all the 
three principal axes using the second-degree coeffi-
cients of the gravity field are deliberated. 
3 Data 
To estimate the orientations of the principal axes, only 
the second -degree coefficients C 21 , S 21 , C 22 and S 22 
are needed [l]. So we only extract these four spherical 
harmonic coefficient series from their given monthly 
temporal gravity models. 
3.1 GRACE 
GRACE is a twin-satellite gravimetric system built to 
monitor climate change based on estimation of gravity-
field change[ 181 • The gravity change is estimated by 
measuring the distance change between the twin satel-
lites. There are many factors iofluencing this change, 
such as tides, atmospheric , oceanic and hydrological 
processes. In this study, we extract the spherical coef-
ficients C 21 , S 21 , C 22 and S 22 from level-2 data of 
GRACE, in which contribution of tides to the variation 
of gravity filed is removed by some models and the con-
tributions of the atmospheric and oceanic processes are 
removed by assimilating independent third-party data. 
So the signals remaining in the level-2 data of GRACE 
are mainly related to land hydrology. In this study , we 
use the second-degree gravity coefficients from 
GRACE-RL05 estimated by CSR ( ftp :I /podaac. jpl. 
nasa. gov/al!Data/grace/L2/ CSR/RL05/), where 
RL05 denotes the most recently released GRACE level-
2 data. 
3.2 SLR 
Due to its higher orbit than GRACE, SLR is more sen-
sitive in detecting the variation of lower-degree gravity 
coefficients["], thus SLR data can be used to validate 
the results of lower-degree gravity coefficients estimated 
by GRACE. The data used in this study are from ht-
tp://grace. jpl. nasa. gov/data/J2/, which are esti-
mated from five satellites: LAGEOS-1 and 2, Starlette, 
Stella and Ajisai["l. We choose the SLR-RL05 gravi-
ty-model series because its pre-processing process is 
consistent with that used in GRACE-RL05. The only 
difference between SLR-RL05 and GRACE-RL05 is 
that the fanner contains short-term non-tidal variation 
resulted from atmospheric and oceanic variations that 
the latter does not. In the GRACE model, such effect 
is removed by estimating the Atmosphere and Ocean 
De-aliasing Level-lB ( AODlB) [wJ. Since the land-
hydrology signals are studied in this paper, the short-
term non -tidal variation are removed by using the cor-
responding AODl B data provided together with the 
SLR data. 
3.3 GLDAS 
The hydrological signals estimated by satellite-gravi-
metric data need confirmation by other methods, such 
as a hydrological model like GLDAS[ 21 J , which is a 
land-surface model that contains information of the land 
related properties like temperature and pressure. The 
water-storage-related variables in this model include 
soil moisture, accumulated snow storage and total can-
opy water. 
When comparing the water-storage variation esti-
mated by GLDAS and that estimated from the second-
degree gravity coefficients given by the monthly satel-
lite models , we shonld pay attention to the following 
two issues. First, the land region GLDAS covered does 
not include Antarctica. So the second-degree coeffi-
cients calculated by expanding the mass anomaly from 
GLDAS may not agree with the second-degree coeffi-
cients estinzated by satellite gravimetry like SLR-RL05 
or GRACE-RL05. Besides, the accumnlated snow giv-
en by GLDAS in Greenland is not accurate["]. Sec-
ond, as a land-surface model, GLDAS only provides 
variation of water storage on the surface of the Earth. 
Soil moisture is given within 0 - 2 m depth below the 
surface. The variation of deeper underground water is 
not available from the GLDAS model. 
Here we use GLDAS 2. 0 with NOAH ( National 
Centers for Environmental Prediction/Oregon State U-
niversity/ Air Force/Hydrologic Research Lab Model) 
land-surface model (ftp :I /hydro!. sci. gsfc. nasa. gov/ 
data/s4pa/GLDAS/GLDAS_NOAH10_M. 020/). The 
mass variation in Greenland and Antarctica ( GRE-
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ANT) from the GLDAS model is masked out. The wa-
ter storage is estimated by summing the soil moisture of 
all four layers and the accumulated snow storage. The 
canopy water is not applied in our calculations since its 
magnitude is small in the context nf a global study. So 
the GLDAS model in this study does not contain the 
mass-variation signals in GREANT. 
3. 4 GLDAS + GREANT 
To consider the mass variation in GREANT, additional 
datasets are needed. The mass variation could be esti-
mated from monthly GRACE gravity modeuP'l. Here 
we apply the mass variation calculated from GRACE-
derived land-mass variation to fill the blank area of GL-
DAS in Greenland (which is removed since the model 
is not accurate in this region) and Antarctica (which is 
not available from the model) . 
The GRACE land data processed by Sean Swenson, 
supported by NASA ' MEaSUREs Program, are used 
(http://grace. jpl. nasa. gov["·"l ). This land-mass 
variation model is obtained by GRACE-RUl5, where 
the C,. term is replaced by the corresponding term of 
SLR["l. The degree-! coefficients are derived from 
Swenson et al["l. Post-glacial-rebound signal is also 
removed from this procedure using the method of Paul-
son["]. De-striping filter is used to suppress the N-S 
strip signals in GRACE data [22]. The influence nf the 
de-striping and truncation["] is also considered. The 
mass variation in GREANT can then be computed by 
extracting the corresponding mass grids in this land-
mass model. In this study, the mass variation esti-
mated by summing those of the GLDAS model and 
GREANT is denoted as GLDAS + GREANT. 
3. S GRACE HAM 
The mass variation provided by GLDAS + GREANT 
does not reflect the change of the underground water 
storage in the regions outside the GREANT. To consid-
er the mass variation of all regions ( including GRE-
ANT) at different depths ( surface water storage and 
underground water storage) , the GRACE land data 
from http:// grace. jpl. nasa. gov are expanded into 
spherical harmonics, which is denoted as GRACE 
HAM (Hydrology Angular Momentum). 
3.6 AODlB 
AODIB data are mainly related to the short-term non-
tidal variation of the atmospheric and oceanic proces-
ses. There is a good agreement between SLR and 
GRACE for gravity coefficients C 21 and S 21 [nJ. The 
AODl B signals are not contained in the models de-
scribed in sections 2. 1 to 2. 5. We take this model into 
account to see if it may improve the agreement between 
SLR and GRACE. 
3. 7 Data span and pre-processing 
Both data sets of GRACE-RL05 and GLDAS 2. 0 dur-
ing the period from Jan. 2004 to Dec. 2010 are availa-
ble for us to use. So the time span for all series is cho-
sen to be ranging from Jan. 2004 to Dec. 2010. The 
mass-variation series of GLDAS, GLDAS + GREANT 
and GRACE HAM are expanded into second-degree 
gravity coefficients[ 26]. The second-degree coefficients 
C 21 , S 21 , C 22 , S 22 estimated from GLDAS, GLDAS 
+ GREANT, GRACE HAM and AODlB are actually 
the varying parts of the corresponding gravity coeffi-
cients. To estimate the orientation variations of the 
principal axes of the tri-axial Earth, different mean 
values need to be added to different coefficient series 
C 21 , S 21 , C 22 , S 22 to represent the static part, 
where each mean value is the average of the mean val-
ue of the corresponding SLR coefficient and the mean 
value of the corresponding GRACE coefficient. 
4 Results and discussion 
4. 1 Relations between orientation variation of 
principal axes and variation of second-degree 
coefficients 
In Marchenko and Scbwintzer[2J , all the second-degree 
coefficients are used to estimate the orientations of the 
principal axes of the tri-axial Earth. However, such 
variations are mainly related to the variations of C 21 , 
s2l, c22, s22· 
The orientation nf each axis is determined by longitude 
,\ and latitude tp, so the relation between the orientation 
and the second degree coefficients can be written as 
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q;A=.ft(C20, c 21' s 21' c 22' s 22) 
AA=fz(C20, (;21' s 21' c22, s 22) 
(/)B =.h( C 20, c 21' S21, c 22' s 22) 
AB =t.< c20, (;21• s 21' c 22' s 22) 
(6) 
-
(/)c =Is ( c'JIJ' c 21' s 21' c 22' s 22) 
Ac=.h(C20, (;21• s 21' c 22' s 22) 
where h is the function transferring the second-degree 
coefficients to the orientation parameters. Exact ex-
pressions of h ( i = 1 , 2 , · · · , 6 ) are given in Marehenko 
and Schwintzer[2J [ equations ( 5 ) - ( 8 ) , ( 21 ) -
( 24) , ( 53 ) - ( 55 ) , ( 62 ) therein]. 
By differentiating both sides of equation ( 6 ) , we 
have 
(/)A 
c20 
AA 
Cz• (/)B (7) 
AB 
=F6 KS sz1 
(/)c Cn 
Ac 822 
where F 6 K 5 is a six-by-five matrix with the second-de-
gree coefficients as its variables defined by 
d(/)A d(/)A 0(/)A d(/)A dlpA 
ac'}l) ac21 as 21 ac22 as22 
aAA iJAA iJAA CIA A iJAA 
ac'}l) ac21 as 21 a en as22 
d(/)B d(/)B dlpB 0(/)B 0(/)B 
ac'}l) ac21 as 21 ac22 as22 
[Fq]6x5 = 
iJAB CIAB oAB iJAB iJAB 
ac'}l) ac21 as 21 a en oS22 
d(/)c d(/)c iJ(/)c o(/)c o(/)c 
ac'}l) ac21 as 21 ac22 as22 
iJAc iJAc iJAc iJAc iJAc 
ac'}l) ac21 as 21 a en oS22 
(8) 
We provide here , as an example, the numerical re-
suits of F 6xs based on the EGM08 model[27 , 2S] in units 
of degree 
F6KS = 
-7.8 xl0-2 6.6 xl(f -1.8 xl(f 7.8 xlcf 1.3 xl{f 
-1.8 xlo-s 1.3 xl01 -1.1 xl01 5.1 xltf 8.8 xltf 
-1.8 xl0-1 -1.8 xuf -6.6xl(f -3.5 xllf -5.8 xlcf 
-1.8 xlo-s 1.3 xl01 -1.1 xl01 5.1 xltf 8.8 xltf 
-20xl0-1 9.8 xllf -6.8 xHf -1.1 xl0-1 -3.3 xlO _z 
-2.9 xlif -4.0 x1010 -6.0xllf -20xl(f 6.5 xl(f 
(9) 
From equations ( 6 ) - ( 9 ) , we see that the varia-
tions of (/)A, q;8 , (/)c and Ac are mainly related to the 
variations of C 21 and S 21 , whereas the variations of 
A A and A 8 to the variations of C 22 and S 22 . 
However, the variations of these five series are not 
in the same order of magnitude , as can be clearly seen 
from figure 1 , where the estimated power spectral den-
sity ( PSD ) is shown for each of these five series from 
SLR-RW5. The amplitude differences at most frequen-
cies (including annual and semi-annual frequency) are 
within 2 orders. Due to the large magnitude differences 
in F 6 x 5 for different direction parameters , the previous 
conclusion about the relation between the variations of 
the direction parameters ((/)A, q;8 , (/)c, AA, A8 and 
A c) and those of the second-degree coefficients still 
holds at most frequencies. For example, F11 is smaller 
than F 12 by six orders of magnitude, but the variation 
of C 20 is only larger than that of C 21 by 1 order, 
so the contribution of the C 21 variation is much larger 
PSD for second degree coefficients from SLR 
-200 
,-.. -210 ,, ,.., 
>a, .•l I 
~ 
c -220 
!g 
·
8 
-230 ~ 
-240 
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0
'--- ---'-- --'"-2 -_L3 __ _,4 _ __ sL__ _ _j6 
Frequency (cycles per year) 
Figure 1 Power-spectral-density estimates of all time series 
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than that of the C 20 variation in exciting the q;A varia-
tion. Besides, the contribution of the C 20 variation to 
the orientation variations of the principal axes is neg-
lectfully small compared to the other four second-de-
gree gravity coefficients, and thus can be neglected for 
the purpose of present study. 
4. 2 Gravitational series of different models 
Different series of gravitational coefficients are com-
pared by estimating the PSD as shown in figure 2 , 
where the trend is removed ; so is the mean since there 
is a bias between any two different models. A Hanning 
window is chosen to suppress the side-lobe effect. 
First, as shown in figure 2 , the satellite-gravity sig-
nals have greater power than that from the GLDAS 
model. This is because the GLDAS model does not in-
clude the effect of underground water as the satellite-
gravity model does. Second, the annual signal of ..1S21 
is not dominant and the agreement between GRACE 
and SLR is poor for ..1C21 • This is due to the fact that 
AC,. 
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-
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5 6 
AODl B, which is mainly related to the short-term non-
tidal variation of the atmospheric and oceanic proces-
ses, is removed. Third, by comparing the power spec-
trum density of GLDAS with that of GLDAS + GRE-
ANT , we can see that adding the mass variation in 
GREANT does not significantly change the misfit be-
tween SLR or GRACE and hydrological models, impl-
ying that the major variation of the land water takes 
place in regions other than the region of GREANT. 
Fourth, the obvious annual signal can still be found in 
..1C22 and ..1S22 series after AODlB is removed. Similar 
obvious annual signal can also be found in the GLDAS 
model. This suggests that the annual variation is realis-
tic since it can be explained by the hydrological models 
and supported by the GLDAS model. Fifth, the atmos-
pheric and oceanic signals conveyed by AODl B series 
are in the same order as that of the GRACE HAM mod-
el for ..1C21 , ..1C22 and ..1C22 , while the signals contained 
in the ..1521 series of AODl B are much larger than those 
of GRACE HAM in the annual-frequency band. 
AS,. 
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Figure 2 Power-spectral-density estimates of all time series 
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4. 3 Orientation variation of principal axes 
The orientation parameters are estimated based on the 
series provided in section 3 by using the method pro-
posed by Marchenko and Schwintzer[2J • Again, the 
mean and the trend are removed and a Hanning win-
dow is used to suppress the side-lobe effect. The pow-
er-spectral density for all six orientation parameters 
are shown in figure 3. 
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The SLR-derived .AA and the GRACE-derived .AA 
results agree well in the annual band. Similar annual 
signal is also found in GLDAS-derived .AA result. This 
is because the variation of .A A is mainly related to the 
variation of C 21 / S 21 • In the semi-annual band, such 
good agreement still exists. The same is true for ..\ 8 • 
The agreement between SLR-derived 'PA and GRACE-
derived 'P A results in annual frequency band is not 
good. And the annual signal of 'PA derived from GRACE 
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Figure 3 Power-spectral-density estimates of all six orientation parameters of the principal axis of the tri-axial Earth 
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is lower than that derived from the GLDAS model. The 
results for the 'I'•• 'Pc• Ac are quite the same. There 
are two possible reasons. First , the contribution of nn-
derground water storage to the budget between the sat-
ellite-derived water storage and that provided by the 
surface-land hydrology model is negative, so the GL-
DAS signal in the annual band is stronger than that 
from GRACE or SLR. Second, the background model 
in the preprocessing of GRACE or SLR is not accurate. 
As discussed in section 4. 1 , the variations of these 
four parameters are mainly related to the variations of 
C 21 and S 21 • Inaccurate background models of C 21 
and S 21 may give rise to poor agreement between dif-
ferent models for 'PA, 'P•, 'Pc, Ac except for A, and A• 
since the variations of these two parameters are mainly 
related to C 21 and S 21 and thus insensitive to the un-
certainties of C 21 and S 21 • 
To further explore the variations of AA and A• on the 
basis of different models, the conventional least-
squares estimate is used to infer the annual and semi-
annual signals by fitting the data to obtain a bias , a 
trend, an annual signal and seasonal sinusoids[291 • 
The results for A A are listed in table 1 , where the re-
sults for A • are not listed for they are almost the same 
as that of AA. 
As seen in table 1 , the annual amplitudes from SLR 
and GRACE agree well. The satellite-derived annual 
amplitude ( SLR/GRACE/GRACE HAM) is stronger 
thao the hydrological-model-derived annual amplitude 
( GLDAS) , due to the fact that the underground water 
is not contained in the land-hydrology model. Mter the 
variation of the mass variation in GREANT is consid-
ered , the misfit between the satellite-derived annual 
amplitude and that derived from the laod hydrology still 
exists. The aonual amplitude derived from AOD1B is 
one order of magnitude smaller than that derived from 
SLR, GRACE, or even GLDAS, suggesting that the 
contribution of the non -tidal atmospheric and oceanic 
processes is relatively small compared to the land-
hydrological processes or even the land-surface water 
storage. The reason is as follows: AA and A• are mainly 
related to the gravity sectorial coefficients C 22 and 
S 22 • To maintain the non-tidal mass redistribution in a 
sectorial style , the influence of the land -water storage 
is more weighted than that of the atmosphere or ocean 
since the mass variation of the land-water storage is re-
stricted in a specified region, whereas the mass varia-
tion of the ocean and atmosphere is not easily restricted 
in a sectorial style because water or air may flow more 
freely. 
To check the consistency between the different mod-
els for AA, the estimated Pearson correlation coeffi-
cients are listed in table 2. We can see that SLR, 
GRACE, GLDAS are highly correlated. Note that the 
effect of the mass variation in GREANT may not reduce 
this correlation. 
5 Conclusions and discussion 
In this study, the hydrologically induced orientation 
variations of the principal axes of a tri-axial Earth are 
studied. The variations of AA and A• are found to be 
mainly related to the second-degree coefficients C 22 and 
S 22 • For AA and A•, the dominant signal is the annual 
Table 1 Amplitude and phase of annual and semi-annual variations of longitude of 
the principal axis A. from dilferent models 
SLR 
GRACE 
GLDAS 
GLDAS + GREANT 
GRACE HAM 
AODIB 
Annual 
Am). (s 
1.67 ±0.20 
1. 83 ±0.14 
0. 731 ±0. 053 
0. 731 ±0. 053 
1. 78 ±0.12 
0. 257 ±0. 071 
Phase 
( 0) 
5. 53 ±6. 87 
-34.6 ±4.48 
-41.4±4.1 
-41.4±4.1 
-27.48 ±3.81 
-88.4±15.9 
Semi-annual 
Am). Phase (s (") 
0.16 ±0. 20 117.9 ±7. 2 
0. 24 ±0.14 -163 ±34 
0. 308 ± 0. 052 -163.8 ±9. 8 
0. 308 ± 0. 052 -163.8 ±9. 8 
0. 28 ±0.12 -168±25 
0. 138 ± 0. 071 15.5 ±30.0 
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Table 2 Pearson correlation coefficients among A, s derived from di!Terent models 
SLR GRACE 
SLR 1.00 0.78 
GRACE 0.78 1.00 
GWAS 0.84 0.69 
GWAS + GREANT 0.84 0.70 
GRACE HAM 0.97 0.77 
AODIB 0.23 0.16 
signal as shown from the results of SLR and GRACE. 
The amplitude is ahout 1. 6 - 1. 8 arc seconds which 
corresponds to 49. 4 -55. 6 m at the Earth' s equator. 
This amplitude is even larger than the contrihution from 
AODl B signal as shown in tahle 1. Such dominancy of 
annual signal is confirmed by the surface-land hydrolo-
gy model GLDAS no matter whether the mass variation 
in GREANT is considered or not. In the seasonal-fre-
quency band , the power spectral density estimated 
from the GLDAS model is smaller than that from the 
satellite-gravimetric data. This may be due to the fact 
that the variation of underground water is mainly sea-
sonal. The overall correlations between the satellite-de-
rived variations for A • and A 8 and those derived from 
the GLDAS model are high ( > 0. 6) , as shown in 
tahle 2. 
Variations of fPA, fPB, f.Pc and Ac were found to be 
mainly related to the second-degree coefficients C 21 
and S 21 • The annual signal is not dominant in the var-
iations of If' A, <p8 , 'Pc and Ac, due to the fact that the 
dominancy of the annual signal in C 21 and S 21 does 
not exist if the AODl B is removed. The land-hydrolog-
ical contrihution is smaller than that from AODlB da-
ta, suggesting that the land hydrology is not the prima-
ry source of the excitation function of the rotation axis 
of the Earth as expected[B, 30]. At the seasonal time 
scale, the GLDAS-model-derived power spectrum is al-
so smaller than that derived from the satellite gravime-
try, implying that the contribution of underground wa-
ter storage is important. 
In future studies, estimates of the contribution of the 
underground water and mass variation in GREANT from 
data sources other than GRACE are needed. We expect 
that the difference between the satellite-derived and the 
hydrological-model derived values will be smaller. 
GWAS GWAS + GREANT GRACE HAM AODIB 
0.84 0.84 0.97 0.23 
0.69 0.70 0.77 0.16 
1.00 1.00 0.84 0.21 
1.00 1.00 0.84 0.21 
0.84 0.84 1.00 0.19 
0.21 0.21 0.19 1.00 
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